Introduction {#S0001}
============

Hepatocellular carcinoma (HCC) is the third leading cause of cancer death around the world.[@CIT0001] At present, surgical removal of tumors, liver transplantation, radiotherapy and chemotherapy are the mainstay therapeutic strategy for HCC.[@CIT0002] However, the long-term survival in HCC patients after surgery remains less satisfactory, since HCC is sometimes resistant to conventional cytotoxic chemotherapeutics and is more likely to metastasize due to the rich vascular supply in liver.[@CIT0003] Evidence has suggested that complex biological and pathological events were involved in the process of HCC metastasis.[@CIT0004] Despite extensive efforts in clinical and basic research, the molecular mechanism of the chemotherapy-associated metastasis in HCC is poorly understood. Therefore, the investigation of new metastatic mechanisms and novel therapeutic strategies against the chemotherapy-induced metastasis in HCC is urgently needed.

Most common chemotherapeutics cause apoptosis in the targeted cancer cell. Although activation of the caspase 3 is a hallmark of apoptosis, it has been reported that the chemotherapy-induced of caspase 3 cleavage activates the cytosolic calcium-independent phospholipase A2 (iPLA~2~), and iPLA~2~ triggers the cascade reaction of arachidonic acid (AA) metabolic pathway, which may be a stimulation of tumor growth.[@CIT0005]--[@CIT0009] Cyclooxygenase (COX) pathway and Lipoxygenase (LOX) pathway are two major metabolism pathways of AA cascade.[@CIT0010],[@CIT0011] Despite the massive studies of the COX pathway in malignant cancer,[@CIT0012]--[@CIT0015] studies focusing on the LOX pathway remain rather inadequate. There is evidence that LOX plays an important role in tumor adhesion and metastasis.[@CIT0016] LOX was reported as the marker for predicting the likelihood of metastases to the bone in breast cancer patients.[@CIT0017] Several studies indicated the potential of inhibiting the LOX-5 in suppressing tumor cell proliferation in various cancers.[@CIT0018],[@CIT0019] Since Leukotriene B4 (LTB4) is one of the major end-products of the AA metabolism via the LOX pathway, the involvement of LTB4 in various carcinogenesis has also been indicated.[@CIT0020] Thus, there may be a possibility that the chemotherapeutics-induced apoptosis may lead to the release of various inflammatory factors that change the microenvironment of cancer cells and promote the invasion and metastasis in HCC.

Berberine is an isoquinoline alkaloid that is found in the roots, stem bark and rhizome of the Berberis species including *Rhizoma coptidis* (Huanglian), *Cortex phellodendri* (Huang bai) and *Hydrastis canadensis* (goldenseal).[@CIT0008],[@CIT0021] Berberine exhibits multiple pharmacological activities such as anti-cancer and anti-diabetes mellitus.[@CIT0022],[@CIT0023] Our previous study found that Berberine inhibited the AA pathway by suppressing cPLA2 and COX-2 gene expressions in HCC in vivo and in vitro.[@CIT0021] However, although LOX is one of the key enzymes of the AA metabolic pathway, the effect of Berberine on the LOX pathway still remains unclear. In our study, we explored whether Berberine can overcome the chemotherapy-induced metastasis of liver cancer cells by inhibiting the LOX pathway.

In our study, we proved that the chemotherapeutics-induced tumor cell apoptosis changed the tumor microenvironment by activating the LOX pathway. The increased secretion of inflammatory factors such as LTB4 ultimately stimulated the adhesion and migration of a small number of surviving tumor cells. And Berberine could reverse the adhesion and migration of HepG2 cells by inhibiting iPLA~2~ and LOX-5 expression and reducing the LTB4 level in the tumor microenvironment. Our study sheds light on a novel anti-metastasis strategy that the combination of Berberine and chemotherapy may prevent the chemotherapy-induced metastasis in HCC.

Materials and Methods {#S0002}
=====================

Chemicals and Reagents {#S0002-S2001}
----------------------

VP-16 (etoposide) injection was purchased from Qilu pharmaceutical Co., LTD. Berberine chloride hydrate (C~20~H~18~ClNO~4~, Purity \>99%, hereinafter referred to as Berberine) was kindly provided by the Northeast Pharmaceutical Group Co., Ltd. (Shenyang, China). All the chemical compounds were analytically pure reagents.

Cell Culture {#S0002-S2002}
------------

The human hepatoma cell line HepG2 was purchased from The Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and was cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS). Cells were incubated at 37°C in 5% CO~2~ and 95% air atmosphere and passed every 3 days.

Establishment of the Transwell System and Migration Assay {#S0002-S2003}
---------------------------------------------------------

Transwell plates with 8.0 µm pore polycarbonate membrane inserts (Cat\#3422, Corning) were used during the experiments. HepG2 cells (5×10^4^ cells per well) were seeded into the 24-well plates and treated with 2.5 μM VP-16 for 24 h. Then, the culture medium was refreshed and the upper inserts with 1000 cells in 5 mL serum-free RPMI 1640 were placed into the wells daily during the 7 days' incubation. In parallel, after treatment with VP-16 (VP-16 group), 3.125 μM Berberine (VP-16 + Ber group) was added into the culture medium of the bottom wells and Berberine at the same concentration were added every 3 days. Fifty μL supernatants were collected every other day for the analysis of the LTB4 level. And the culture medium of the 7th day's incubation was collected for further experiment. The upper inserts with 1.5×10^5^ cell/mL in serum-free RPMI 1640 were placed into the wells on the 6th day of incubation. Cells from the outer side of the membrane were fixed and stained by 0.1% crystal violet for 20 min at room temperature after 18 h incubation. The cells were photographed under the microscope and counted, and the average number of cell in five visual fields was regarded as total cell numbers of migration.

Western Blot Analysis {#S0002-S2004}
---------------------

The Western blot analysis was performed as previously described.[@CIT0009] Briefly, the cells after 5 days' incubation were collected for the Western blot analysis. The blots were blocked with 5% non-fat dried milk for 1 h at room temperature, and then incubated with anti-iPLA~2~ (Cat. \# sc-25504, Santa Cruz Biotechnologies), anti-LOX-5 (Cat. \#sc-20785, Santa Cruz Biotechnologies) and anti-GAPDH (Cat. \# sc-25778, Santa Cruz Biotechnologies) antibodies (1:1000 diluted) overnight at 4°C. Then, the membranes were incubated with HRP-conjugated secondary antibody (1:2000 diluted) for 2 h at room temperature.

Measurements of LTB4 Levels {#S0002-S2005}
---------------------------

The ELISA analysis was performed according to the manufacturer's instructions. Briefly, the collected supernatants (50μL/test) from the Transwell co-culture system were thawed and LTB4 levels were analyzed by ELISA analysis using the Human LTB4 Parameter Assay Kit (Cat. \# KGE004B, R&D Systems). The absorbance was read at a wavelength of 450 nm.

Scratch-Wound Assay {#S0002-S2006}
-------------------

Single-layer HCC cells were culture to grow confluence in 6-well plates, and then the wounds were made using a sterile 10 μL pipette tips. Cultures were then washed gently by PBS. Then, the cells were exposed to the culture medium of the 7th day's incubation of Berberine alone (Ber group), VP-16 alone (VP-16 group) or a combination of Berberine and VP-16 (Ber + VP-16 group) for migration. At least four different fields were photographed under the microscope at 0 h and 18 h after the scratch. Three wells for each group were used and three independent experiments were performed. Image J was used for analysis.

Adhesion Assay {#S0002-S2007}
--------------

To mimic the process of metastasis, the adhesion ability of HepG2 cells was evaluated. Cells (2.5×10^5^ cells per well) in the conditioned culture medium collected from the 7th day's incubation in the above groups were plated into 24-well plates and shaken for 2 h at 37°C (150 rpm). The cells were photographed under the microscope. Moreover, adhesion ability between HepG2 cells and fibronectin (FN) was also analyzed. Ninety-six-well plates were coated with 10μg/mL FN from human plasma (Cat. \# F8180, Solarbio), dried for 1--2 h and washed twice with PBS. The plate was then incubated for 2 h with 1% BSA (100 μL per well) in RPMI 1640 to block the nonspecific binding at 37°C, and then rinsed twice. Cells (4 × 10^4^ per well) in culture medium collected from the 7th day's incubation were then added into the coated wells, and allowed to attach for 2 h. Then, the cells were rinsed gently by PBS to remove the nonadherent cells and subsequently fixed with 10% TCA buffer for 1 h at 4°C. The attached cells were stained with 4% SRB for 30 min, followed by 5 washes with 1% acetic acid. The cells were lysed in 10mM Tris-base (PH 10.5) and the released stain was quantified by absorbance at a wavelength of 540 nm.

Statistical Analysis {#S0002-S2008}
--------------------

The results were presented as the mean ± SD. Statistical analyses were performed by GraphPad Prism. The significance of the difference between the two groups was assessed by the Student's *t* test. The significance of the difference of multiple groups was analyzed of variance (ANOVA) with the Newman-Keuls tests. A value of p\<0.05 was considered statistically significant.

Results {#S0003}
=======

Chemotherapy-Induced Apoptosis Promoted the Migration of Hepatoma Cells {#S0003-S2001}
-----------------------------------------------------------------------

Tumor chemotherapy has been argued as a double-sided sword. On the one hand, a large number of tumor cells are killed, and tumor volume shrinks rapidly. On the other hand, it is demonstrated that chemotherapy may be an initial factor for recurrence and metastasis. In our study, co-culture system was designed using transwell chamber; the HepG2 cells in the upper insert chamber were cultured in the medium of HepG2 cells after chemotherapy in the bottom layer. As shown in [Figure 1](#F0001){ref-type="fig"}, the migration of HepG2 cells in VP-16 treated groups was all significantly higher than control and the increasement of migration rate was time dependent. These suggested that although chemotherapy played its part in killing a large amount of tumor cells, the change of the microenvironment caused by it may become a promoter of tumor cell migration.Figure 1Migration of HepG2 cells was promoted by chemotherapy-induced apoptosis. After the cells on the bottom of the wells being treated with 2.5 μM VP-16, crystal violet staining assay was applied to analyze the influence of the treated cells on the migration of HepG2 cells from day 1 to day 7. Results were expressed as the mean ± SD of three independent experiments, \*p \< 0.05.

Berberine Reversed the Apoptosis-Induced Migration of HepG2 Cells {#S0003-S2002}
-----------------------------------------------------------------

In the transwell system, consistent with the above results, VP-16 treatment significantly induced the migration of HepG2 cells compared with control. A non-apoptosis-causing concentration (3.125μM) of Berberine single treatment in both the upper and lower chambers did not show significant influence on cell migration in Berberine group while it partly abrogated the migration of cells in VP-16 + Berberine group ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). Similar results were observed in scratch-wound assay: wounds in VP-16 group were significantly closer than those in control group, while the addition of Berberine could reverse the migration induced by VP-16 treatment ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). These results indicated that Berberine reversed the migration of HepG2 cells induced by chemotherapy drug VP-16 challenge.Figure 2Berberine reversed the apoptosis-induced migration of HepG2 cells. (**A**) After the cells on the bottom of the wells being treated with 2.5 μM VP-16, 3.125 μM Berberine was applied to the system and cultured for 6 days. Crystal violet staining assay was applied to analyze the migration of HepG2 cells. Cell numbers were counted under the microscope. (**B**) Cells from the outer side of the membrane were photographed under the microscope. (**C**) The cells were then exposed to the culture medium of the 7th day's incubation for the Scratch-wound assay. (**D**) Migration of the cells was analyzed by Image J. Each bar represents the mean ± SD of three independent experiments, n=3, \*p \< 0.05.

Berberine Reversed the Apoptosis-Induced Adhesion of HepG2 Cells {#S0003-S2003}
----------------------------------------------------------------

Cell adhesion assay was conducted to analyze if chemotherapy treatment could promote the cell-cell or the cell-matrix adhesion. Cells were cultured in the culture medium of the 7th day's incubation of each group. VP-16 treatment significantly induced the cell-cell adhesion of HepG2 cells compared with control while 3.125μM Berberine single treatment did not show a significant influence on the cell-cell adhesion in Berberine group. However, the same concentration of it greatly abrogated the adhesion induced by VP-16 treatment in VP16 + Berberine group ([Figure 3A](#F0003){ref-type="fig"}). And as shown in [Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}, Berberine single treatment showed no significant influence on the cell adhesion to FN in Berberine group, while Berberine showed the ability to reverse the VP-16 treatment-induced cell-FN adhesion of HepG2 cells.Figure 3Berberine reversed the apoptosis-induced Adhesion of HepG2 cells. (**A**) Cells were cultured in the culture medium collected from the 7th day's incubation and shaken for 2 h at 37°C. (**B**) Cells in culture medium collected from the 7th day's incubation were added to the FN-coated wells, and allowed to attach for 2 h. Attached cells were fixed, stained with 4% SRB. (**C**) stained cells were lysed in 10mM Tris-base and the released stain was quantified by absorbance at a wavelength of 540 nm. Each bar represents the mean ± SD of three independent experiments, n=3, \*p \< 0.05.

Berberine Blocked the iPLA~2~/LOX-5/LTB4 Pathway Activated by Chemotherapy {#S0003-S2004}
--------------------------------------------------------------------------

Phospholipids of cell membranes can be stimulated by iPLA~2~ and release AA, which can be ultimately converted by specific synthases including LOX-5 into LTB4. The expression of iPLA~2~ and LOX-5, the two key enzymes of the AA pathway can be inhibited by Berberine ([Figure 4A](#F0004){ref-type="fig"}--[C](#F0004){ref-type="fig"}). As VP-16 treatment showed significant activation of the two proteins, the combination of Berberine reversed this activation. In parallel, the change of LTB4 secretion in the supernatant in the 7 days' incubation was measured by ELISA ([Figure 4D](#F0004){ref-type="fig"}). The level of LTB4 time-dependently increased by solely VP-16 treatment, and Berberine could partly reverse the increase of LTB4 production compared with the VP-16 group in a time-dependent manner. These results indicated that Berberine reversed the chemotherapy-induced iPLA~2~-AA/LOX-5/LTB4 pathway activation in HepG2 cells.Figure 4The protein expression of iPLA~2~ and LOX-5 in HepG2 cells treated by VP-16 and/or Berberine. (**A**) The cells after 5 days' incubation were collected and the protein expression of iPLA~2~ and LOX-5 in HepG2 cells were measured by Western blot analysis. (**B**) Relative quantification of iPLA~2~ levels expressed relative to control. (**C**) Relative quantification of LOX-5 levels expressed relative to control. (**D**) The LTB4 levels in HepG2 cells treated by VP-16 and/or Berberine. The supernatants of each group were collected each day during the 7 days' incubation. The LTB4 levels were measured by ELISA. Each bar represents the mean ± SD of three independent experiments, n=3, \*p \< 0.05 compared with control; \*\*p \< 0.01 compared with control; ^\#^p \< 0.05 compared with VP-16 group. ^\#\#^p \< 0.01 compared with VP-16 group.

Discussion {#S0004}
==========

Although being a mainstream of current cancer treatment with high rates of overall response, chemotherapy is now being questioned for its effect other than cytotoxicity.[@CIT0009] Recent reports suggested that chemotherapy-induced apoptotic cells could trigger the growth signals which stimulated the proliferation of the progenitor or stem cells.[@CIT0024] The cleavage of caspases 3 and 7 activated iPLA~2~ to trigger the AA cascade which leads to the production of the growth signal Prostaglandin E2 (PGE~2~).[@CIT0006] The executioner caspases of apoptotic cells function as promoting tissue regeneration and wound healing, and the pathway was first named as "Phoenix Rising" pathway.[@CIT0006],[@CIT0007] A similar phenomenon was found in cancer cells. After the chemotherapy challenge, the few surviving cells can repopulate the chemotherapy-damaged tumor rapidly by the proliferation at an accelerated pace.[@CIT0008] Given the influence of the AA pathway in stimulating tumor repopulation, it probably exhibits a similar influence on the metastasis of HCC.

And relative to the widely studied AA-COX-PGE~2~ axis,[@CIT0009],[@CIT0010] the LOX pathway which is another important part of the AA pathway is less reported. LOX expression was found to be up-regulated in metastatic tumors and the inhibition of LOX suppressed metastasis in vivo[@CIT0025] Also LOX expression was indicated to be associated with the bone relapse and metastasis in ER-positive patients.[@CIT0016] Our result confirmed that the AA/LOX-5/LTB4 axis played a key role in chemotherapy-induced metastasis in the surviving HepG2 cells.

In our study, we focused on the blockage of the AA pathway in order to reverse the microenvironment changed by chemotherapy treatment. And we found that Berberine as an extraction from traditional Chinese herbs exhibited a strong ability on blocking the AA pathway by inhibiting LOX-5 and reduce the level of LTB4. Since the "Phoenix Rising" pathway demonstrated that the caspase-3 mediated activation of the AA pathway played a key role in cancer progression, blocking this pathway may provide a promising strategy on cancer treatment and preventing cancer metastasis. Indeed, caspase 3 inhibition was reported to inhibit the proliferation of tumor cells in the experimental mice model. zDEVD-fmk (a caspase-3 inhibitor) was found to inhibit the proliferation of some tumors in combination with chemotherapeutics.[@CIT0022],[@CIT0023] However, the inhibition of caspase-3 may reduce the efficiency of chemotherapy-induced the apoptosis. Therefore, targeting another key molecular in the "Phoenix Rising" pathway may be a promising strategy to overcome the chemotherapy-induced metastasis. Together with our previous studies,[@CIT0008],[@CIT0009],[@CIT0021] we found that Berberine being a dual inhibitor of iPLA~2~ and LOX-5, which are the two key enzymes of the AA pathway, can efficiently block the AA pathway without interfering with the apoptosis process. And this indicated the beneficial role of the combination of Berberine and chemotherapy in cancer treatment and metastasis prevention.

In conclusion, Berberine contributed to the inhibition of the chemotherapy challenge-induced metastasis in surviving liver cancer cells. Berberine suppressed the two rate-limiting enzymes iPLA2 and LOX-5 in the dying cells which contributed to the production of LTB4 into tumor microenvironment in HCC ([Figure 5](#F0005){ref-type="fig"}). Our work provided a promising strategy that the combination of Berberine and cytotoxic chemotherapeutics may suppress the progression and prevent the metastasis of liver cancer.Figure 5Schematic illustration of the mechanism by which Berberine inhibits the apoptosis-induced metastasis by suppressing the AA-LOX-5 pathway. Chemotherapeutics-induced tumor cell apoptosis can activate the LOX pathway, and subsequently release inflammatory factor LTB4 which ultimately stimulates the adhesion and migration of the small number of surviving tumor cells. And Berberine can reverse the adhesion and migration by inhibiting the expression of iPLA~2~ and LOX-5 and reduce LTB4 production in the tumor microenvironment.
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